We have already reported that the inactivated Sendai virus (hemagglutinating virus of Japan; HVJ) envelope (HVJ-E) has multiple anticancer effects, including induction of cancer-selective cell death and activation of anticancer immunity. The HVJ-E stimulates dendritic cells to produce cytokines and chemokines such as b-interferon, interleukin-6, chemokine (C-C motif) ligand 5, and chemokine (C-X-C motif) ligand 10, which activate both CD8 + T cells and natural killer (NK) cells and recruit them to the tumor microenvironment. However, the effect of HVJ-E on modulating the sensitivity of cancer cells to immune cell attack has yet to be investigated. In this study, we found that HVJ-E induced the production of intercellular adhesion molecule-1 (ICAM-1, CD54), a ligand of lymphocyte functionassociated antigen 1, in several cancer cell lines through the activation of nuclear factor-jB downstream of retinoic acid-inducible gene I and the mitochondrial antiviral signaling pathway. The upregulation of ICAM-1 on the surface of cancer cells increased the sensitivity of cancer cells to NK cells. Knocking out expression of ICAM-1 in MDA-MB-231 cells using the CRISPR/Cas9 method significantly reduced the killing effect of NK cells on ICAM-1-depleted MDA-MB-231 cells. In addition, HVJ-E suppressed tumor growth in MDA-MB-231 tumor-bearing SCID mice, and the HVJ-E antitumor effect was impaired when NK cells were depleted by treatment with the anti-asialo GM1 antibody. Our findings suggest that HVJ-E enhances NK cell sensitivity against cancer cells by increasing ICAM-1 expression on the cancer cell surface.
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C
ancer is a leading cause of death worldwide, and its prevalence is increasing as a result of aging and lifestyle alterations. (1, 2) Currently, there are many types of cancer therapy, such as surgery, targeted therapy, chemotherapy, radiotherapy, and immunotherapy. Recently, the concept of immune-checkpoint inhibition has given rise to breakthroughs in cancer immunotherapy. Antibodies against immune-checkpoint molecules such as PD-1, PD-L1, and CTL associated protein-4 activate CTL against cancers by stopping the inhibitory signal of CD8 + T cells. (3) (4) (5) (6) Although antibodies against PD-1 and PD-L1 resulted in remission in malignant melanoma, approximately 70% of patients are still resistant to these antibody treatments. (7) The insensitivity to immune-checkpoint inhibitory treatments is a big issue in cancer treatment worldwide. Active b-catenin signaling in melanoma prevents chemokine CCL4 production, which results in the inhibition of dendritic cell infiltration and subsequent T-cell activation. (8) (9) (10) These reports indicate the importance of the infiltration of antigenpresenting cells into tumor tissue. The discovery that CD8 + T cells are hardly detected in tumor tissues of non-responders to the immune-checkpoint antibody treatment suggests the need for CD8 + T-cell infiltration into the tumor tissue for the success of immune-checkpoint blockade therapy. However, even though activated CTLs approach cancer cells, some cancer cells escape from T-cell attack by suppressing MHC-class I molecule expression. (11) Cells without MHC-class I molecules are resistant to CTLs, but those cells can be killed by NK cells, which recognize non-MHC-class I cells as nonself. (11) (12) (13) Thus, NK-cell therapy is also very important for cancer immunotherapy. In addition to T-cell therapy, NK-cell activation immunotherapy is also carried out by blocking inhibitory receptors on NK cells and by augmenting activating signals in NK cells. (14) (15) (16) (17) (18) (19) We have reported the antitumor activity of HVJ-E, which includes the activation of antitumor immunity and the induction of cancer cell-selective killing. (20) (21) (22) (23) (24) (25) (26) The activity mainly depends on viral RNA fragments that activate RIG-I and MAVS protein signaling pathway. The pathway activates proapoptotic genes such as TRAIL and Noxa only in cancer cells, such as breast cancer cell line MDA-MB-231 and prostate cancer cell line PC3. In immune cells, such as dendritic cells and macrophages, the signaling pathway increases the production of chemokines such as CCL5 and CXCL10 and cytokines such as IFN-a and -b. Both CCL5 and CXCL10 recruit effector T cells and NK cells to the tumor microenvironment. Natural killer cells exposed to type-I IFNs are activated and secrete IFN-c, which activates CD8 + T cells to become CTLs against cancer cells. (27) Consequently, both CTL and NK cells are activated by HVJ-E. (24, 25) Apoptotic cell death by HVJ-E occurred in some human cancer cells such as PC3 cells and MDA-MB-231 cells in vitro. In SCID mice transplanted human cancer cells, such as PC3 cells, the elimination of tumors in vivo was very dramatic. We have already shown that such a dramatic tumor suppression in SCID mice was mainly mediated by NK cells and partly by the direct cancer cell killing effect of HVJ-E. (20) However, these effects related to the antitumor immunity of HVJ-E are caused by the induction of various cytokines and chemokines such as IFN-b, IL-6, CXCL10, and CCL5. There is no report showing the modulation of cancer cell responsiveness to host immune reaction by HVJ-E. Therefore, we examined whether HVJ-E could augment the sensitivity of cancer cells to NK cells.
We found that HVJ-E induced ICAM-1 (CD54) production in several cancer cell lines. Intercellular adhesion molecule-1 is a transmembrane glycoprotein that is induced by retinoic acid, virus infection, and cytokines such as IL-1b, tumor necrosis factor-a, and IFN-c. (28) (29) (30) (31) (32) (33) The ICAM-1 protein is expressed on cells and several types of cancer cells including melanoma, prostate cancer, lung cancer, and breast cancer. The function of ICAM-1 has been reported to be associated with metastatic breast cancer cell line invasion, (34, 35) whereas ICAM-1 has been suggested to suppress M2 macrophage polarization, which induces tumor growth through downregulation of efferocytosis in colon tumors. (36) Previous reports have proven that ICAM-1 can bind with LFA-1 on CTL and NK cells and induce cell death through these immune cells. (37) (38) (39) In our study, we revealed that HVJ-E enhanced the sensitivity of human cancer cell lines, including MDA-MB-231 and PC3 cell lines, previously reported as sensitive to HVJ-E, (22) to NK cells through the upregulation of ICAM-1. This is the first report to show that virus therapy can enhance NK cell sensitivity in cancer cells. Apoptotic cell death through HVJ-E occurred in some cancer cells in vitro, and the elimination of those cancer cell-derived tumor masses in a SCID mouse model in vivo was very dramatic. Therefore, we hypothesized that HVJ-E might augment the sensitivity of cancer cells to NK cells.
Materials and Methods
Cells. Human breast cancer cell line MDA-MB-231, hormone-resistant human prostate cancer cell line PC3, and normal human prostate epithelial cell line PNT2 were purchased from ATCC (Manassas, VA, USA). The cell lines were maintained in DMEM (Nacalai Tesque, Kyoto, Japan) with 10% FBS (Biowest, Nuaill e, France) and 1% penicillin-streptomycin mixed solution (10 000 U/mL penicillin and 10 000 mg/mL streptomycin in 0.85% NACl; Nacalai Tesque). Human mammary epithelial cells were purchased from Kurabo (Tokyo, Japan) and cultured with a MammaryLife Comp kit (Kurabo) following the manufacturer's instructions.
Reagents and antibodies. The NF-jB inhibitor Bay11-7082 was purchased from Wako Pure Chemical Industries (Osaka, Japan). The anti-CD54/ICAM-1 antibody (#4915) and anti-RIG-I (#4200) antibodies were purchased from Cell Signaling Technology (Tokyo, Japan); the anti-Fas (sc-74540) antibody was purchased from Santa Cruz Biotechnology (Dallas, TX, USA). The anti-MAVS antibody (ab25084) was purchased from Abcam (Cambridge, UK), and the anti-b-actin (AC-15) antibody (A5441) was purchased from Sigma-Aldrich (Tokyo, Japan).
Preparation of HVJ-E and HVJ-E RNA extraction. Hemagglutinating virus of Japan (VR-105 parainfluenza 1 Sendai/52, Z strain; ATCC) was amplified in the chorioallantoic fluid of 10-14-day-old chick eggs, and the viral particles were purified by centrifugation and inactivated by UV irradiation (99 mJ/cm 2 ), as previously described. (40) The HVJ-E RNA was isolated by ISOGEN (311-02501; Nippon Gene, Toyama, Japan).
Small interfering RNA transfection. Human RIG-I siRNA (DDX58-HSS177513; Invitrogen, Tokyo, Japan), human MAVS siRNA (Hs_VISA_8707; Sigma-Aldrich) and scrambled siRNA (46-2002, negative control low GC duplex; Invitrogen) were transfected into MDA-MB-231 cells using Lipofectamine RNAiMAX (Invitrogen, Waltham, MA, USA), and 50 pmol siRNA was used for 3 9 10 5 cells. Cancer cell RNA extraction and analysis. Cancer cell RNA was extracted using the RNeasy mini kit (Qiagen, Tokyo, Japan). RNA was converted into cDNA using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Tokyo, Japan; Thermo Fisher Scientific, Tokyo, Japan) according to the manufacturer's instructions. Quantitative real-time PCR was carried out on a CFX384 real-time system (Bio-Rad, Hercules, CA, USA), using the SYBR qPCR Mix (Toyobo, Osaka, Japan). Primers were ordered from Invitrogen Custom DNA Oligos (Life Technologies, Tokyo, Japan) and Hokkaido System Science (Hokkaido, Japan), and the sequences were as follows: MICA forward, 0 . Western blot analysis. The cells were lysed with RIPA buffer containing protease inhibitor (cOmplete protease inhibitor cocktail; Roche, Mannheim, Germany). The lysate was electrophoresed on a 5-20% polyacrylamide gel and transferred onto PVDF membranes (Millipore, Darmstadt, Germany). The membrane was blocked with 5% skim milk and incubated with the primary antibody described above at a 0.1% antibody concentration overnight at 4°C, followed by incubation with an HRP-linked secondary antibody (GE Healthcare, Tokyo, Japan). Signals were detected using Chemi-Lumi one (Nacalai Tesque) and ImmunoStar LD (290-69904; Wako Pure Chemical Industries) by Image Quant LAS 4000 mini software (GE Healthcare, Little Chalfont, UK).
Flow cytometry analysis. Cells were stained in PBS containing 2% FBS with relevant antibodies: FITC anti-human CD54 antibody, FITC mouse IgG1, j isotype Ctrl, PE anti-human CD95 (Fas) and PE mouse IgG1, j isotype Ctrl (BioLegend, San Diego, CA, USA) for 30 min at 4°C and washed three times with PBS. Flow cytometry was analyzed on a BD FACSCanto II (Becton Dickinson, Franklin Lakes, NJ, USA) with FlowJo software (FlowJo, Ashland, OR, USA).
Mice. Female CB17/Icr-SCID mice (5-6 weeks old) and female C57BL/6NJcl mice (8-10 weeks old) were purchased from Clea Japan (Tokyo, Japan) and were maintained in a temperature-controlled, pathogen-free room. All of the animals were handled according to the approved protocols and guidelines of the Animal Committee of Osaka University (Osaka, Japan).
Calcein release assay. Natural killer cells were isolated from C57BL/6N mice spleens using the mouse NK cell Isolation Kit II (Miltenyi Biotec, Bergisch Gladbach, Germany) following the manufacturer's instructions. The cytotoxicity of NK cells was determined in a calcein release assay against cancer cells. The target cells, cancer cells, were labelled with calcein-AM (#C396; Dojindo, Kumamoto, Japan) at 4 lM per 5 9 10 5 -10 6 cells in 1 mL PBS for 25 min at 37°C. Labeled cancer cells were incubated with NK cells in a 96-well plate with 200 lL culture medium for 4 h at 37°C and 5% CO 2 . After centrifugation, 100 lL supernatant was collected, and the fluorescence was measured with excitation and emission wavelengths at 495/515 nm. The percentage of specific lysis was calculated as follows: 1009 (experimental release À spontaneous release)/(maximum release À spontaneous release).
Human breast cancer cell inoculation and treatment. MDA-MB-231 cells were washed with cold PBS three times, and 5 9 10 6 cells in a 100-lL 1:1 PBS:Matrigel (Corning, Bedford, MA, USA) mixture per mouse were s.c. injected into the backs of the CB17/Icr-SCID mice. When each tumor had grown to 4-6 mm in diameter, the mice were treated with one intratumor injection of HVJ-E (1000 HAU in 100 lL per mouse) or 100 lL PBS every 3 days for a total of six injections. Tumor volume was measured in a blinded manner with slide calipers using the following formula: tumor volume (mm 3 ) = length 9 (width) 2 /2. To deplete NK cells in vivo, 200 lL anti-asialo GM1 antibody (1:10 diluted with PBS) was i.p. injected into each mouse on days À1, 0, 1, 2, 4, 6, 9, 12, 15, and 18.
Creation of ICAM-1 knockout MDA-MB-231 cell line. The targeted gRNA oligos were introduced into the pX330 vector (Addgene, Cambridge, MA, USA). Then 1.2 lg each pX330 plasmid DNA with target gRNA sequence and 0.6 lg pPGKpuro (Addgene) were transfected into MDA-MB-231 cells (2 9 10 5 cells) using NEON (Invitrogen) electroporation, and the transfected cells were cultured for 2 days with 1.0 lg/ mL puromycin (Nacalai Tesque) in medium for selection. Living cells were diluted in 10-cm dishes for colony formation. Single colonies were picked and cultured for proliferation. The DNA of each colony was abstracted using the DNeasy Blood & Tissue Kit (Qiagen), and the genomic region containing the CRISPR/Cas9 target site gene was amplified by PCR. The PCR products were purified using QIAquick Gel Extraction Kit (Qiagen) following the manufacturer's protocol and cloned into the pCR-Blunt II-TOPO vector (Invitrogen). A number of colonies were selected, and the sequences were analyzed on a 3100 Genetic Analyzer (Applied Biosystems).
Results
Expression of ICAM-1 in cancer cell lines is increased by HVJ-E stimulation. To investigate changes in NK cell ligands in cancer cells induced by HVJ-E, we measured RNA expression levels of a number of NK cell ligands in MDA-MB-231 and PC3 cells by quantitative real-time PCR. RNA expression levels of ICAM-1 and Fas RNAs were significantly increased in both cell lines stimulated with HVJ-E for 24 h compared to the expression in cells stimulated with PBS (Fig. 1a,b) . The RNA expression level of PD-L1 was enhanced in PC3 cells, but this enhancement was not observed in MDA-MB-231 cells. We further examined the protein expression levels of ICAM-1 in normal cells (HMECs) and cancer cells by Western blot analysis (Fig. 1c) . Hemagglutinating virus of Japan envelope dramatically increased ICAM-1 expression in human breast cancer cells but not in the normal mammary epithelial cell line, and the HVJ-E-induced upregulation of ICAM-1 in cancer cells was time-dependent after HVJ-E treatment. The cancer cell-specific increase of ICAM-1 expression by HVJ-E was also observed in PC3 but not normal prostate epithelial cell line PNT2 (Fig. S1, Appendix S1) . Expression of ICAM-1 on the cell surface was confirmed by flow cytometry analysis (Fig. 1d) . Expression of ICAM-1 on the cell surface was increased with HVJ-E treatment compared with that in non-stimulated cells. Although the RNA level of Fas was increased in both cancer cell lines, Western blot analysis showed that there were no significant changes in Fas protein expression in MDA-MB-231 or PC3 cells (Fig. S2a, Appendix S1 ). The results of the flow cytometric assay showed the increase of Fas by comparing the mean fluorescence intensity of cells treated with HVJ-E or PBS, but the Fas-positive cell population was not increased by HVJ-E (Fig. S2b, Appendix S1 ). Although HVJ-E might increase the surface expression of Fas in Faspositive cells, further analysis is needed. Here, we focused on ICAM-1 because all the data, including RT-PCR, Western blot, and FACS analysis, indicate the increase of ICAM-1 expression by HVJ-E. We tried to clarify the contribution of ICAM-1 to NK cell-mediated cancer suppression triggered by HVJ-E.
In the non-cancerous normal human mammary gland cell line HMEC and prostate epithelial cell line PNT2, HVJ-E failed to upregulate the expression of ICAM-1 (Figs 1c, S1 , Appendix S1). In addition, we observed that ICAM-1 became smaller in MDA-MB-231 and PC3 cells after treatment with HVJ-E (Fig. 1c) , and the molecular weight of ICAM-1 was decreased in a time-dependent manner (Fig. S3a , Appendix S1). It is known that HVJ-E introduces its RNA fragments into the cytoplasm when it fuses to a cancer cell. (22) To determine whether the HVJ-E RNA fragments induced ICAM-1 expression, we isolated the RNAs of HVJ-E and transfected them into MDA-MB-231 cells. The ICAM-1 protein levels were enhanced by HVJ-E RNAs in a dose-dependent manner (Fig. 2a) . However, transfection of HVJ-Ederived RNA fragments induced ICAM-1 expression without alteration of the ICAM-1 protein size (Fig. 2a) . This result provides evidence for two points: (i) the signaling pathway of HVJ-E-induced ICAM-1 expression, which is analyzed in the next section; and (ii) the mechanism of ICAM-1 size reduction by HVJ-E. The size reduction of ICAM-1 might result from the fusion of HVJ-E to the cancer cells. Hemagglutinating virus of Japan has two different glycoproteins, HN and F, on the surface of the viral envelope. (41, 42) When HVJ attaches to the host cell surface, the hemagglutinin of HN recognizes the sialic acid on glycoproteins on the host cell surface and cleave the sialic acid with the neuraminidase. (43) To determine the mechanism for ICAM-1 size reduction, we generated HVJ from LLCMK2, a monkey kidney cell line, and depleted the HN protein by HN siRNA transfection (Fig. S3b,  Appendix S1 ). The HVJ derived from LLCMK2 cells is fusion-incompetent due to an F protein of the F 0 form, and trypsin protease was used to cleave F 0 into the F 1 /F 2 form. (44, 45) In contrast, HVJ from fertilized chick eggs is fusion-competent because the F protein of egg-derived HVJ is cleaved into the F 1 /F 2 form by proteolytic activity of Factor Xa in the chorioallantoic fluid of chick eggs. Three types of HVJ, which were egg-derived, cell-derived with HN protein expression, and cell-derived without HN protein expression, were inactivated by UV irradiation to become HVJ-E and added to cancer cells. Egg-derived HVJ-E induced both ICAM-1 expression and ICAM-1 size reduction. However, cell-derived HVJ-E without the HN protein failed to induce ICAM-1 expression or ICAM-1 size reduction. Cell-derived HVJ-E with the HN protein induced ICAM-1 size reduction but did not upregulate ICAM-1 expression in cancer cells (Fig. S3b, Appendix S1 ). Additionally, HVJ-E pretreated with neuraminidase inhibitor failed to induce ICAM-1 upregulation or size reduction in cancer cells (Fig. S3c, Appendix S1 ). These data suggest that the neuraminidase activity of the HN protein results in ICAM-1 size reduction, probably by the digestion of the sialic acid of ICAM-1 on the cell surface, when HVJ-E binds to the cell-surface HVJ receptors, acidic gangliosides.
Inactivated Sendai virus RNA-induced ICAM-1 expression is mediated by the RIG-I/MAVS pathway. A previous study identified that RNA fragments of HVJ-E are able to be recognized by RIG-I/MAVS and activated transcription factor NK-jB in cancer cells; (20) NF-jB is one of the nuclear transcription factors that is important for the upregulation of ICAM-1 expression. (46, 47) To further confirm whether HVJ-E-induced ICAM-1 overexpression is dependent on the RIG-I/MAVS system, we knocked down the RIG-I or MAVS gene in MDA-MB-231 cells using siRNAs and treated the cells with HVJ-E (Fig. 2b) . We found that HVJ-E-induced ICAM-1 expression was reduced in cells transfected with either RIG-I or MAVS siRNA. In the presence of the NF-jB inhibitor, the HVJ-Einduced enhancement of ICAM-1 transcription was abolished (Fig. 2c) . These results suggest that HVJ-E induces the production of the ICAM-1 protein by activating the RIG-I/ MAVS signaling pathway and that NF-jB acts as a transcription factor for HVJ-E-induced ICAM-1 expression in MDA-MB-231 cells.
Both HVJ-E and HVJ-E RNA enhance NK cell activity against cancer cells. Intercellular adhesion molecule-1, which is a ligand of LFA-1, is required by NK cells to mediate the apoptosis of target cells. We showed that human ICAM-1 could interact with mouse LFA-1 on mouse NK cells (Fig. S4 , Appendix S1). To determine whether HVJ-E-treated cancer cells become more sensitive to NK cells than non-treated cells, the cytotoxicity of NK cells to HVJ-E-treated cancer cells was compared with that of non-treated cancer cells. Prior to the NK cell-mediated cytotoxic assay, we determined the effects of the HVJ-E dose and assay schedule because HVJ-E itself induces apoptosis in cancer cells, as previously reported. (20) (21) (22) (23) As shown in Figure S5 and Appendix S1, HVJ-E-mediated cell death was dose-and time-dependent. Based on the results, the survival of MDA-MB-231 cells was not significantly affected at 24 h after HVJ-E treatment at 1000 MOI. Using this condition, NK cells were added to HVJ-E-treated MDA-MB-231 cells containing calcein. As shown in Figure 3(a) , HVJ-E-treated MDA-MB-231 cells were killed by NK cells more efficiently than non-treated cells. A similar response was observed in PC3 cells as shown in Figure S6 and Appendix S1. Moreover, the rate of cancer cell death induced by NK cells was significantly higher in MDA-MB-231 cells transfected with HVJ-E RNA than in the cells without HVJ-E RNA transfection (Fig. 3b) . These findings suggest that HVJ-E increases the sensitivity of cancer cells to NK cells by the introduction of RNA fragments into cancer cells.
Inactivated Sendai virus suppresses MDA-MB-231 tumor growth. We inoculated CB17/Icr-SCID mice with MDA-MB-231 cells and treated them with HVJ-E or PBS. Tumor growth was significantly inhibited by HVJ-E treatment (Fig. 4a,b) . The ICAM-1 RNA level was enhanced in the HVJ-E-treated mouse tumor tissue (Fig. 4c) . Expression of ITGA2, a marker for NK cells as well as fibroblasts and platelets, seemed to be increased by HVJ-E treatment, but the increase was not significant compared with the expression level with PBS treatment (Fig. 4d) . To determine if the antitumor effect of HVJ-E in the MDA-MB-231 tumor model is related to NK cells, we depleted NK cells in mice with the anti-asialo GM1 antibody. Tumor suppression induced by HVJ-E was attenuated by NK cell depletion (Fig. 4e) . Although HVJ-E treatment seemed to retard tumor progression compared to the progression observed in the PBS treatment group in NK cell-depleted mice, there was no significant difference between HVJ-E and PBS treatment groups (Fig. 4e) . These data suggest that HVJ-E suppresses MDA-MB-231 tumor development mainly by promoting NK cell activation.
Antitumor effect of HVJ-E is associated with tumor cell ICAM-1 expression. Next, we sought to investigate whether a deficiency of ICAM-1 abolishes the HVJ-E-induced enhancement of NK cell cytotoxicity to cancer cells. We generated an ICAM-1 knockout MDA-MB-231 cell line using the CRISPR/ Cas9 system (Fig. 5a) , and ICAM-1 protein expression in the knockout cells was not detected in the Western blot analysis (Fig. 5b) . We then compared the cytotoxicity of NK cells to HVJ-E-treated cancer cells with or without ICAM-1 expression. The NK cell-mediated cancer cell death was reduced in two different ICAM-1-deficient cell lines treated with HVJ-E (Fig. 5c ). These data suggest that ICAM-1 expression on the HVJ-E-treated cancer cells is indispensable for the increase in NK cell cytotoxicity.
Discussion
In this study, we showed that HVJ-E could enhance the sensitivity of cancer cells to NK cells by upregulation of ICAM-1.
Inactivated Sendai virus has been shown to have anticancer effects, such as directly killing cancer cells and promoting anticancer immunity. (20) (21) (22) (23) (24) (25) (26) We have already reported that HVJ-E induces anticancer immunity by activating both CD8 + T cells and NK cells. (24) However, it has not yet been shown that HVJ-E can modulate cancer cells to be recognized by immune cells. In this study, we minimized the direct killing effect of HVJ-E and used the dose of HVJ-E 1000 HAU per mouse, analyzed in Figure S5 and Appendix S1, for tumor suppression. We showed that HVJ-E suppressed tumor growth in MDA-MB-231 cell-transplanted SCID mice, and the HVJ-E tumor suppression was impaired when NK cells were depleted with the anti-asialo GM1 antibody, as previously reported using PC3-derived tumors. (20) In MDA-MB-231-derived tumors, tumor suppression was greatly abrogated in the HVJ-E-treated group by anti-asialo GM1 antibody. Compared with the PBS-treated control group, tumor growth was still slightly suppressed by HVJ-E even in the presence of anti-asialo GM1 antibody (Fig. 4e) . We speculate that this small suppression is likely through direct killing of cancer cells by HVJ-E. Inactivated Sendai virus recruits and activates NK cells by stimulating dendritic cells to release CXCL10 and type I interferons in the tumor environment. (25) Although the result in Figure 4(c) showed no significant increase in NK cells in the tumor environment after HVJ-E treatment, the sensitivity of cancer cells to NK cells was enhanced. This is probably because of HVJ-E-induced ICAM-1 upregulation, as shown in Figure 3 . Moreover, HVJ-E failed to enhance NK cell sensitivity in ICAM-1 knockout MDA-MB-231 cells. Taken together, HVJ-E inhibits MDA-MB-231 tumor growth by both promoting NK cell activity and upregulating ICAM-1 expression on MDA-MB-231 cells. In the mouse angiosarcoma model, both HVJ-E and HVJ-E containing IL-2 promoted NK cell activity, and NK cell-mediated cancer cell killing was augmented by the treatment of the mouse angiosarcoma cell line with HVJ-E. (48) This result may be due to the upregulation of ICAM-1.
The signaling pathway of HVJ-E-mediated ICAM-1 expression is dependent on the RIG-I/MAVS pathway. This pathway is known to be ubiquitous in various cells. Therefore, the enhancement of NK cell sensitivity by HVJ-E may occur in all cancer cells with the HVJ receptor. However, it is likely that the increased expression of ICAM-1 by HVJ-E is cancer cellspecific (Figs 1, S1 , Appendix S1). We are now analyzing the mechanism of cancer-specific expression of ICAM-1 induced by HVJ-E. The RIG-I/MAVS signaling pathway has already been reported to contribute to ICAM-1 expression in Dengue virus-infected human brain microvascular endothelial cells. Other viral RNAs, such as measles virus and mumps virus RNAs, are also known to be recognized by RIG-I. (50) Therefore, virus therapy may generally enhance the sensitivity of cancer cells to NK cells.
Treatment with HVJ-E induced an increase in ICAM-1 expression, but it produced a smaller form of the ICAM-1 protein (Fig. 1c) . Neuraminidase treatment of MDA-MB-231 cells also gave rise to the smaller ICAM-1, and the neuraminidase inhibitor blocked the formation of the smaller ICAM-1 induced by HVJ-E. Moreover, in HVJ-E RNA-transfected cells, ICAM-1 expression was increased without the reduction in molecular weight. It is likely that HN-derived neuraminidase removed the sialic acid of ICAM-1, which resulted in the smaller form of ICAM-1. However, immunofluorescence analysis of ICAM-1 showed that cytoplasmic accumulation of ICAM-1 was detected in both HVJ-E-and PBS-treated MDA-MB-231 cells.
To confirm the accumulation of shorter form of ICAM-1, ICAM-1 was analyzed in microsomal fractions of MDA-MB-231 cells treated with HVJ-E or PBS. Treatment with HVJ-E produces shorter form of ICAM-1 by both removal of sialic acids of ICAM-1 on the cell surface and increase of unglycosylated form in endoplasmic reticulum (data not shown). This suggests that some stimuli of HVJ-E might affect the glycosylation condition of ICAM-1 in endoplasmic reticulum. Although further analysis is required for the analysis of the mechanism of generation of the unglycosylated form of ICAM-1 by HVJ-E, it is important to recognize that the smaller ICAM-1 still retains binding activity with NK cells and contributes to the increase in NK sensitivity in HVJ-E-treated cancer cells. Even though ICAM-1 expression in cancer cells was knocked out by genome editing technology, NK cell sensitivity was not completely abolished in those cancer cells. This remaining sensitivity may be due to the effects of other NK cell ligands expressed on the cancer cell surface, such as Fas and MICB.
In conclusion, these findings suggest that HVJ-E enhances the NK cell sensitivity of cancer cells by increasing ICAM-1 expression on the cell surface, which results in the promotion of NK cell anticancer cytotoxicity. This study identified a novel mechanism underlying HVJ-E antitumor activity. Inactivated Sendai virus can increase the sensitivity of cancers to immunotherapy by modifying the gene expression pattern in cancer cells.
Disclosure Statement
The authors have no conflict of interest. 
